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Study  region:  Zemu  Chuu  (river),  Lachen,  North  Sikkim,  Eastern  Himalaya  India.
Study focus:  Using  tree-ring  data  of  ﬁr (Abies  densa)  the  temporal  variation  of 222 years
January–April  mean  discharge  of  Zemu  Chuu,  upper  reaches  of  the  Teesta  River  at Lachen,
North  Sikkim  Eastern  Himalaya  was  investigated.  This  was  based  on linear  regression
reconstruction  model  which  explained  variance  of  50.1%  during  calibration  period  (AD
1976–1996).  The  model  was  veriﬁed  by  reduction  of error  (RE),  sign  test  (ST),  product
mean  test  (Pmt),  root  mean  square  error (RMSE)  and  Durbin–Watson  test  (DW).  The  RE
never falls  below  zero  suggesting  the  model  had  explanatory  power  over  the entire  period
of reconstruction.
New hydrological  insights  for the region:  The explored  strong  relationship  between  tree  ring
records and  instrumental  data  enable  to develop  mean  January–April  months  (premon-
soon)  river  discharge  of  Zemu  Chuu  from  remote  area  of  Sikkim.  Reconstructed  data  reveals
high stream-ﬂow  when  it is more  than  the  mean  plus  one  standard  deviation  and  as  low
when  ﬂow  is  less  than  the  mean  minus  one  standard  deviation.  There  were  such  23  high
discharge  and  21  extremely  low  years  over  the  past  AD  1775–1996.  This  premonsoon  recon-
struction  of river  ﬂow  would  be  of  great  signiﬁcance  when  scarcity  of  water  is  acute  in the
North East  Himalaya.
©  2015  Published  by  Elsevier  B.V. This is  an  open  access  article  under  the  CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Temperature and precipitation are most signiﬁcant factors in regulating tree growths (Fritts, 1976), these two  variables
are also principal factors controlling the river ﬂow. Since common factors operating both the tree growth and river discharge,
tree-ring of trees growing at the river catchment areas are found valuable tool to measure river discharge. It has become a
reliable proxy for river ﬂow reconstructions in diversiﬁed geographical regions of the world (e.g., Stockton and Jacoby, 1976;
Pederson et al., 2001; Gou et al., 2007; Lara et al., 2008; Axelson et al., 2009; Wise, 2010; D’Arrigo et al., 2011; Margolis
et al., 2011; Maxwell et al., 2011; Urrutia et al., 2011). In contrary, such records from India are few and that too from the
Western part of Himalayan region (Shah et al., 2013, 2014; Singh and Yadav, 2013). Despite the fact that a fairly good amount
of tree ring based climate reconstruction (Bhattacharyya and Chaudhary, 2003; Borgaonkar et al., 1996; Yadav et al., 1997,
2014; Yadav, 2011a, 2011b; Yadav and Bhutiyani, 2013; Singh and Yadav, 2005, 2012; Singh et al., 2004, 2006, 2009) from
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he Himalayan region which indicates possibilities of getting suitable trees for the reconstruction river discharge spatially
rom this region. The earlier reconstruction of March–May discharge of Beas River by using tree-ring data of Cedrus deodara
Deodar) growing, Kullu valley goes back to AD 1834 (Shah et al., 2013). In an another analysis (Singh and Yadav, 2013) a 711
ears (AD 1295–2005) long discharge of previous year December to current year July from Satluj at Kinnaur was displayed by
sing composite ring width chronology of Pinus gerardiana and C. deodara. So far the longest record of discharge (1452–2008)
f Indus River was from a network of tree-ring sites from the Upper Indus Basin (Cook et al., 2013). It exhibits low discharge
n the late eighteenth century and high discharge in the late twentieth century that with coherence with the dry and wet
onditions of the Karakoram Pakistan (Treydte et al., 2006). In contrary long record of discharge data from the Eastern part
f the Himalayan region other than short instrumental record is meager. One of the important river of this region, Teesta
ows through the states of Sikkim and West Bengal of Indian Territory and then to Bangladesh is a major source of irrigation
nd hydropower generation of the both countries. This river is nourished mostly by rains during SW monsoon and also
artly from snow and ice melting water coming through its several tributaries originated from several glaciers viz., Zemu,
hangame Khanpu and Talung. A long record of discharge of its upper reaches, Zemu Chuu (Chuu means river) a principal
ontributor of snow and glacier melt water from its main source Zemu glaciers is vital for the maintenance of constant source
f water seasonally. This is important because so little is known about the long-term properties of the Zemu Chuu River and
ariations in river ﬂow from this part of the Himalaya greatly affect downstream discharge and water supplies. The most
epresentative instrumental record of total discharge at Lachen is only available for short period from 1976 to 1997 (NHPC).
his short 22-year’s record is not statistically reliable for modeling the long-term properties to assess the trends and shifts
n ﬂow volume of river discharge (Rodriguez-Iturbe, 1969).
The present study is aimed to reconstruct discharge for the Zemu Chuu at Lachen (27◦45′44′′ N and 88◦33′06′′ E) for the
pper reaches of the Teesta River, northern part of Sikkim based on tree ring data. Here we  used tree ring width data of Abies
ensa (ﬁr) growing close to river banks around Zema, close to Zemu glacier, Eastern Himalaya.
. Materials and methods
.1. Location of Zemu river (Chuu)
A number of perennial rivers ﬂow over Sikkim mainly under two  river systems namely, Teesta and Rangit. Zema Chuu,
pper reaches of the Teesta River originates from the Zemu glacier, Sikkim at an elevation of about 5200 m above mean
ea level (Fig. 1). After ﬂowing a short distance it unites with Lachung Chuu at Chungthang. The river gradually increases in
idth and ﬂowing to Singhik by coming down from 1550 m to 750 m,  there it merges with its one of the major tributaries,
he Talung chug on its right which is originated from Talung glaciers. From Singhik, the river ﬂows toward Dikchu in a very
eep valley and drops from 750 m to 550 m.  After that the river ﬂows in a big curve again down to the Singtam with a drop of
bout 200 m.  Further down it receives two tributaries, one joins from left at Singtam is Rongnichu, which drains the Changu
ake area, and the other one Rangpo Chuu joins at Rangpo. From there rapidly and join with the great Rangit at Melli bazar
n Sikkim – West Bengal border.
.2. Acquisition of basic data
.2.1. River discharge data
Discharge data for Zemu Chuu recorded at Lachen gauge station (27◦45′50′′ N and 88◦33′40′′ E, Fig. 1) was obtained from
ational Hydroelectric Power Corporation (NHPC). The available discharge data covers time period from 1976 to 1996 (Fig. 2).
his short available record shows annual water yield 637.9 m3 s−1 in which maximum and minimum discharges are 1209.82
nd 300.59 m3 s−1 in the years 1984 and 1992 respectively. Coefﬁcient of variation of the annual river discharge reveals a
ow temporal variability (30.86% to mean) and lowest inter-annual variability during AD 1976–1997. A bar diagram plot of
he hydrograph of the monthly discharge data of Zemu Chuu (Fig. 3) shows seasonality in ﬂow reaching maximum during
he months of May–October (77.93%) of mean annual discharge (Fig. 2). This rise is due to the precipitation in the form of
ainfall and snow during monsoon which accounts for most of the annual precipitation of this area.
.2.2. Climate and snow cover data
No single climate station could be assumed to be representative of the local climatic conditions due to the remote
ocation of the study site and lack of enough meteorological stations in Sikkim and that too have short records. Thus for
orrelations among climate/tree growth/river discharge, we applied monthly precipitation and temperature data obtained
rom the Climate Research Unit, CRU TS 3.2, 0.5◦ × 0.5◦, 88◦45′ E, and 27◦45′ N (Harris et al., 2014). It shows maximum and
inimum temperature, 15.88 ◦C and 3.10 ◦C in July and January respectively while precipitation (522.55 mm)  in July and
inimum (6.24 mm)  in December (Supplementary Fig. S1). For snow cover for 1972–2009 we obtained from nearest grid
oint (88◦00′ E and 28◦00′ N) for the North Sikkim. This has been used from interpolated Monthly Northern Hemisphere snow
over gridded at 2.0◦ × 2.0◦ resolution, calculated from weekly snow cover data (http://www.cpc.ncep.noaa.gov/data/snow/).
onthly Snow cover distribution (Fig. 4) varies greatly from October to April. It is 17.5% in October and that increases up
o 25.74% in November. A slight dip is seen in the months of December and January. The early increase in snow cover
nd its continuous depletion up to end of January suggest an inﬂuence of monsoon snow fall in the Sikkim Himalayas
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Fig. 1. Location of tree ring site, meteorological station and discharge gauge station at Lachen, North Sikkim, Eastern Himalaya. For the map SRTM 30 digital
terrain elevation data set was used (http://srtm.csi.cgiar.org).
Fig. 2. Mean annual variation of Zemu Chuu (“Chuu” means River) discharge (1976–1996 AD) at Lachen gauging station North Sikkim.
Fig. 3. Monthly mean variation of Zemu Chuu discharge (1976–1996) at Lachen gauging station North Sikkim.
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Fig. 4. Monthly variation of snow cover (bars) for nearest (CRU TS 3.22) Grid data for Lachen (2.0 × 2.0 resolution; http://www.cpc.ncep.noaa.gov/data/
snow/).
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Basnett et al., 2010). This region due to its location of i.e. close to Bay of Bengal, in summer months receive comparatively
igher snow precipitation March, April, May  in comparison to the Western Himalayas, which provide also better input for
he glaciers during the summer months (Kulkarni et al., 2011). Maximum snow cover of 67.02% recorded in Tista sub basin
uring February, 2007 (Basnett et al., 2010).
.3. The tree-ring sample
Forest of Zemu valley with the changes of temperature may  be divided from lower to higher altitude into three major
ypes. These are temperate (2438–3353 m a.s.l,) subalpine (3353–4267 m a.s.l,) and an alpine zone from 4267 to 5182 m a.s.l
Smith and Cave, 1913). For the present study we collected 56 cores from 36 trees through increment borer from A. densa
onﬁning along the bank of Zemu Chuu, ﬁrst stage of the Teesta River (Fig. 1) amidst of mixed conifer Rhododendron forests
t the transition zone of upper temperate and subalpine zone.
.3.1. Sample processing and chronology development
The tree-ring samples were processed following the standard dendrochronological method (Stokes and Smiley, 1968).
amples were mounted and polished with different grade of sandpaper to make the ring boundaries clearly visible. To
ssign an exact calendar year to each growth ring, tree-ring sequences were carefully cross dated by making “Skeleton
lot”. Dated Ring tree ring widths subsequently were measured to 0.001 mm precision using a Velmex measuring system.
he quality of the cross dating was further checked using the COFECHA program (Holmes, 1983). Dated Ring-widths series
ere then standardized with the program ARSTAN (Cook and Kairiukstis, 1990). Double-detrending approach was  used in
hich, ﬁrst a negative exponential curve, a linear regression or a horizontal line passing through the mean was used to
emove any age-growth trends. The series were detrended a second time to reduce the impact of abiotic factors on radial
rowth (e.g., competition and defoliation) with a 30 years smoothing spline curve. Standard chronology (Fig. 5) derived from
utoregressive modeling was included in further analyses.
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Fig. 6. Correlation (in bars) of standard ring width chronology with mean monthly temperature and precipitation of CRU TS 3.2 (green lines signiﬁcant at
95%  conﬁdence level).
Table 1
Statistical parameters of calibration and veriﬁcation for tree-ring reconstruction of January–April stream ﬂow.
Split-sample calibration–veriﬁcation
Calibration Veriﬁcation
Period R R2 F Period Sign-test Pmt  RMSE RE DW
1976–1986 0.806 0.649 14.817 1987–1996 6+/2− 2.35 6.093 0.441 2.496
1987–1996  0.58 0.336 3.518 1976–1986 4+/1− 0.81 2.338 0.125 0.761
1976–1996  0.708 0.501 5.521
R, correlation coefﬁcient; R2, explained variance; F-test; sign-test, sign of paired observed and estimated departures from their mean on the basis of the
number of agreements/disagreements; Pmt, product mean test; RE, reduction of error; RMSE is a frequently used measure of the differences between
values  predicted by a model or an estimator and the values actually observed; DW,  Durbin–Watson test *p < 0.05.
2.4. Analysis of data
2.4.1. Tree growth and climate
The climate–growth relationships were examined by computing correlations between climate data (CRU TS 3.22) and
standard tree-ring index chronologies (STD CRN). Pearson correlations coefﬁcients were calculated between STD CRN and
the monthly series of temperature and precipitation, for a 12-month period extending from previous year November of to
October of the current year (Fig. 6) covering time span from 1902 to 2007 AD.
2.4.2. Tree-growth/river discharge
We calculated the correlations between the STD CRN and monthly discharge data for the same time span i.e. previous
November to current year October, which were also used for tree growth climate relationship A linear regression model
was prepared with STD CRN of Zema taken as predictor and discharge data of signiﬁcantly correlated months as predictan.
Based on this correlation analysis, we established the transfer function equation that has been discussed in Section 3.2, while
analyzing relationship between tree growth/river discharges.
The reliability of the reconstruction model was  evaluated by splitting the series into two  sub periods (AD 1976–1986
and AD 1987–1996) for separate calibration and veriﬁcation. Evaluative statistics provided for the calibration period are
the Pearson correlation coefﬁcient (R), the coefﬁcient of determination (R2), and F test (F) and for the veriﬁcation period
are reduction of error (RE), sign test (ST), product mean test (Pmt) and Durbin–Watson test (DW) (Fritts, 1976; Cook et al.,
1994). R2, RE, are all measures of shared variance between climate and tree rings, and a positive RE is evidence for a valid
regression model (Table 1). The sign test counts the number of agreements and disagreements between the reconstructed
and the instrumental discharge data, while Pmt  measures the level of agreement between the actual and estimated values
taken into account. The DW statistic tests for autocorrelation in the residuals between model and target climate data.
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Table 2
Statistical characteristics of standard tree-ring chronology of ﬁr at Zema.
Chronology AD 1628–2007
Tree/core 36/56
Mean sensitivity (MS) 0.114
Standard deviation (SD) 0.260
Autocorrelation order (AC1) 0.520
Common period AD 1875–1996
Mean correlations within trees (Rbt) 0.200
Signal-to-noise ratio (S/N) 7.701
Expressed population signal (EPS) 0.885
Variance 1st eigenvector (PC1) 20.09
SD, standard deviation; MS,  mean sensitivity; AC1; autocorrelation; Rbt, mean inter-
series correlation; EPS, expressed population signal; PC#1, percent variance explained
by the ﬁrst principal component (PC#1); NR, signal-to-noise ratio (S/N).
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nd  J–A average of January–April discharge together. Horizontal pink line indicates signiﬁcance level (p < 0.05) and red line level (p < 0.01).
.4.3. Analysis of recurrence of event in reconstructed records
We performed wavelet analyses to determine the any periodicity existed in the low and high discharge events in the
econstructed discharge data that provide insights into recurrent variability within a time series that has changed in strength
nd frequency (Gedalof and Smith, 2001; Rigozo et al., 2001). These analyses were undertaken with the help of the interactive
ebsite (www.atoc.colorado.edu/research/wavelets/) developed by Torrence and Compo (1998).
. Results and discussions
.1. Relationship between tree growth/climate
The ﬁnal tree ring chronology was developed from measurement of dated ring width series of 56 core samples from 36
rees. Tree ring chronology statistics shows that both mean sensitivity (0.114), and standard deviation (0.260) are low but the
alue of autocorrelation order (0.520) is slightly higher. The other statistical parameters viz., signal-to-noise ratio, expressed
opulation signal and variance 1st eigenvector are 7.701, 0.885, and 20.09 respectively (Table 2). The expressed population
ignal (EPS) quantiﬁes the degree to which the constructed chronology portrays hypothetically perfect one and considered
s a threshold for the reliability of chronologies (Wigley et al., 1984). Correlation analyses indicated that tree growth was
ainly affected by mean temperature of January and October, and by precipitation of August (p < 0.05). A positive correlation,
ut not statistically signiﬁcant was also observed with temperature of January–June and August–October. With precipitation
t is January to April and August to October (p < 0.05) (Fig. 6). Thus it appears that no signiﬁcant correlations present with
limate (temperature and precipitation) in seasonal aspects. This is due to the fact that area is mesic and climatic parameter
e used here does not reach threshold level to limit the tree growth at this site. Moreover most of the signiﬁcant factors
howing strong relationship between tree ring chronology and river discharge when the radial tree growth seems to be
topped or minimal due to dormancy period of cambium.
.2. Relationship between tree growth/river discharges
Signiﬁcant positive correlations (r = 0.620; p < 0.01) were found with STD CRN of ﬁr of Zema area with that of discharge
uring January–April (Fig. 7). We  used these four signiﬁcant months for the reconstruction of discharge. A linear regression
odel was prepared with STD CRN of Zema taken as predictor and tree ring data as predictan. Based on this correlation
nalysis, we established the transfer function equation: RF = −5.411 + 15.622 × TRW CRN. Here, RF represents mean discharge
or the January–April months of Lachen Hydrological station, and TRW CRN is the tree-ring chronology of Fir used in the
alibration. The correlation coefﬁcient (r) is 0.708 (N = 21, p < 0.01), and variance explained (R2) is 50.1% (Fig. 8a) for the
782 M. Shekhar, A. Bhattacharyya / Journal of Hydrology: Regional Studies 4 (2015) 776–786Fig. 8. (a) Scatter plot of actual and reconstructed stream ﬂow (January–April) with a linear relationship highlighted during the period of 1976–1996. (b)
A  comparison of actual and reconstructed stream ﬂow (January–April) from 1976 to 1996 AD.
calibration period and F test value was 5.521. Reconstruction captured both high and low-frequency variations of discharge
variability (Fig. 8b). This discharge of river ﬂow during January–April appears to be mainly contributed by melting of snow
and glaciers. This is proven by the precipitation record of these three months (January–April) which is almost negligible i.e.,
below 100 mm in total in comparison to monsoon months. However, maximum snow covers months (Fig. 4) i.e. previous
year December to current year May  (Basnett et al., 2010) at this region suggest that water from melting of snow is one of
the main contributors for water discharge during pre-monsoon months.
3.3. Variability in reconstructed discharge data
Though the time span of tree ring chronology of A. densa of Zema extending from AD 1628 to 2007 (380 years), the
reliable reconstruction of discharge begins from 1775 onwards (Fig. 9). This is because of the desired threshold value of EPS
which observed statistically reliable after 1775 onwards. We  recorded annual to decadal scale variations in the reconstructed
series with mean discharge 9.99 m3 s−1 whereas maximum and minimum are 18.36, 3.5 m3 s−1 respectively. Smoothing the
reconstruction series by an 11-year running mean clearly shows the low-frequency changes (Fig. 10). We  deﬁne high stream-
ﬂow when it is more than the mean plus one standard deviation, whereas low when ﬂow is less than the mean minus one
standard deviation (Supplementary Fig. S2). Over the past AD 1775–1996, we  recognize 21 extremely low discharge years
(dry years) and 23 high discharge years. In which low discharge years are viz., 1782, 1783, 1799, 1814, 1815, 1825, 1837,
1839, 1840, 1844, 1848, 1860, 1864, 1866, 1905, 1921, 1932, 1940, 1952, 1967 and 1975 and high years viz., 1778, 1786, 1791,
1792, 1802, 1810, 1821, 1823, 1830, 1833, 1835, 1842, 1851, 1852, 1853, 1870, 1873, 1900, 1915, 1930, 1931, 1946, and 1975
(Supplementary Fig. S2). Earlier discharge reconstruction of Lachen River (Shah et al., 2013) based on another conifer tree;
Larix grifﬁthiana elucidated the discharge of previous year March through current year February. Here we  analyzed tree ring
series of A. densa growing close to river discharge station and that exhibited different response i.e., only positive relationship
to current year’s January to April i.e. pre-monsoon discharge. Low ﬂow years found in earlier analysis are not common in
this analysis. This might be difference in responses of species to species to seasonal distribution of water discharge. Low
ﬂow years identiﬁed in the present reconstruction is mainly resultant of snow melt water of winter discharge. A visual
examination of reconstructed series of January–April discharge suggests that it has cyclic trends (Fig. 11). We  recorded
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Fig. 9. Reconstruction of January–April discharge of Zemu Chuu at Lachen, North Sikkim since AD 1775. (The red line, reconstructed data and green, actual
data.)
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n wavelet analysis dominant low and high frequency modes of variability within the reconstructed 222-year stream-ﬂow
ecord. Wavelet analysis has conﬁrmed a dominant mode of variability of less than 16 years and 8 years (Fig. 11). A signiﬁcant
nergy band appears during the early and late 18th century. This analysis also reveals a weakened power band from 1850
o 1910 (Fig. 11).
.4. Regional correlation
Out of a large number of rivers in the Indian subcontinent, so far only few are analyzed for the long discharge record. The
resent reconstruction of January–April discharge of Zemu Chuu extending back to AD 1775 based on tree ring width of A.
ensa is one of the pioneered study from a remote area of North Sikkim, Eastern Himalaya. This data would provide the basis
or assessing past and future changes in water ﬂow, which is crucial for the detection and attribution of hydroclimate change
f the Zemu basin. In this longer reconstructed record of discharge we ﬁnd higher discharge in the beginning which may  be
ue to impact of climate of LIA (Little Ice Age), when snow fall was higher and at the same time low temperature causing
ow evapotranspiration. Generally, the effect of stressed conditions on trees due to droughts or other factors controlling tree
rowth has been found in the same or subsequent years due to lagging effect of tree response of to these events (Fritts, 1976).
hese are evident by several droughts reported earlier viz., in 1905, 1915, 1918, 1951, 1966, 1972 and 1974 (Chowdhury
t al., 1989) in India when discharge were also recorded low. Since failure of precipitation is the main cause of droughts, we
ade a simple correlation between CRU TS 3.22 precipitation (average of January–April) and reconstructed January–April
ischarge and recorded a moderate correlation (0.211) but statistically signiﬁcant (Fig. 12). Most of the extreme events of
igh and low pre-monsoon precipitation years reported from Kumaun, Central Himalaya (Yadav et al., 2014) correspond
o high and low discharge in the Zemu Chuu also provide ﬁdelity of this reconstruction. More over in the reconstruction
f discharge of upper Indus, monsoon failure or drought at the late 18th century (Cook et al., 2010) or severe droughts
ecorded during AD 1870–1878 from several regions (Cook et al., 2003; Mann et al., 2012) corresponding to low discharge
re also found contemporaneous with our records. The coherence of data in these snow glacier melt water fed rivers not
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Fig. 11. (a) January–April discharge. (b) The wavelet power spectrum. The power has been scaled by the global wavelet spectrum (at right). The cross-
hatched region is the cone of inﬂuence, where zero padding has reduced the variance. Black contour is the 95% signiﬁcance level, using a red-noise
(autoregressive lag1) background spectrum. (c) The global wavelet power spectrum (black line). The dashed line is the 95% signiﬁcance for the global
wavelet spectrum.Fig. 12. Comparison of monthly mean precipitation (red) and, reconstructed discharge (green), for the time period 1901–1996 AD (r = 0.211, p < 0.05).
only validates robustness of the reconstruction but will also be useful in delineating zones based on discharge records with
corresponding climatic zones.
4. Conclusions
Reconstruction of January–April discharge of Zemu Chuu based on mean tree ring width of A. densa from remote area of
North Sikkim Eastern Himalaya India extends back to AD 1775. The explored strong relationship between tree ring records
and instrumental data enable to develop mean January–April months river discharge, which captured 50.1% variance in
the full calibration model 1976–1996. In spite of the area having high annual rainfall it faces acute water shortage during
pre-monsoon months due to high soil erosion and low inﬁltration. Thus reconstruction of discharge for these months would
be great signiﬁcance when scarcity of water is acute in the North East Himalaya. We  recorded 21 extremely lowest discharge
years (dry years) and 23 highest discharge years respectively. The most sensitive aspect in the present reconstruction is the
decreasing trend in river ﬂow since the 1990s which is in agreement with the earlier discharge records even from other
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eographical regions of India. If such a decreasing trend in river discharge continues for a longer period, it will have serious
mplications on the socio-economy of the region. In future there would be a strong possibility of reconstruction of discharge
f river covering a larger area and time span using tree ring data of A. densa which is widely distributed in the Eastern
imalaya.
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